ABSTRACT: Ten organoimido polyoxometalate (POM)-based chromophores have been synthesized and studied by hyper-Rayleigh scattering (HRS), Stark and Resonance Raman spectroscopies, and density functional theory (DFT) calculations. HRS β 0 values for chromophores with resonance electron donors are significant (up to 139 × 10 −30 esu, ∼5 times greater than that of the DAS + cation), but systems with no donor, or the −NO 2 acceptor show no activity, in some cases, despite large DFT-predicted β-values. In active systems with short (phenyl) π-bridges, β 0 values comfortably exceed that of the purely organic structural analogue N,N-dimethyl-4-nitroaniline (DMPNA), and intrinsic β-values, β 0 /N 3/2 (where N is the number of bridge π-electrons) thus appear to break empirical performance limits (β 0 /N 3/2 vs λ max ) for planar organic systems. However, β 0 values obtained for extended systems with a diphenylacetylene bridge are comparable to or lower than that of their nitro analogue, N,N-dimethyl-4-[(4-nitrophenyl)ethynyl]-aniline (DMNPEA). Resonance Raman spectroscopy confirms the involvement of the POM in the electronic transitions, whether donor groups are present or not, but Stark spectroscopy indicates that, in their absence, the transitions have little dipolar character (hence, NLO inactive), consistent with DFT-calculated frontier orbitals, which extend over both POM and organic group. Stark and DFT also suggest that β is enhanced in the short compounds because the extension of charge transfer (CT) onto the POM increases changes in the excited-state dipole moment. With extended π-systems, this effect does not increase CT distances, relative to a −NO 2 acceptor, so β 0 values do not exceed that of DMNPEA. Overall, our results show that (i) the organoimido−POM unit is an efficient acceptor for second-order NLO, but an ineffective donor; (ii) the nature of electronic transitions in arylimido-POMs is strongly influenced by the substituents of the aryl group; and (iii) organoimido-POMs outperform organic acceptors with short π-bridges, but lose their advantage with extended π-conjugation.
■ INTRODUCTION
Polyoxometalates (POMs) are a class of anionic, molecular metal oxide clusters, whose range of properties is commensurate with their enormous variety of structural types. 1 POMs can be derivatized with organic groups, and recent years have seen great advances in the synthetic chemistry of such POM "hybrids"both in terms of initial derivatization of the POM, and a range of organic transformations that can be used to postfunctionalize the resulting hybrid.
2 These have allowed the construction of POM-organic architectures of increasing complexity, including polymers 3 and POMs linked to catalytic centers 4 or light-harvesting chromophores. 5, 6 Such research is motivated by the promise of emergent or synergic properties resulting from the combination of the organic and inorganic components. For example, connection of lacunary Keggin (XW 11 O 39 n− ) or Dawson (X 2 W 17 O 61 n− ) POMs to organic or metallo-organic chromophores 5−7 can create systems where photoexcitation of the chromophore leads to multiple charge accumulation on the electron accepting POM, 6c,7 and reduction of protons to dihydrogen. 7 However, electronic isolation of the POM from the organic subunits means that these properties are an enhancement (due to enforced spatial proximity) of behavior that occurs with unconnected POMs and chromophores. Instead, we are interested in studying new optical and photophysical behaviors that emerge when strong electronic coupling occurs between POMs and appended organic groups. Organoimido POM derivativestypically of the Lindqvist family ([M 6 O 19 ] 2− , where M = Mo, W)demonstrate this strong electronic coupling through new electronic transitions and shifted POM reduction potentials. 8 Their synthetic chemistry is well-developed, and many species can be accessed through a DCC-mediated amine/POM coupling, 2c,9 followed by various organic post-functionalizations. However, the photonic properties of these materials have so far been addressed only slightly, beyond calculations 10 suggesting second-order nonlinear optical coefficients (first hyperpolarizability, β > 10 −27 esu in some cases) that compete with highperformance organic materials, 11 but surprisingly seem to be based on POM-to-nitro CT. Given the relatively high energies of organoimido-POM electronic transitions, and the challenge of obtaining high-activity molecular nonlinear optical (NLO) materials with adequate transparency (reabsorption of visible light can cause lowered efficiency, overheating and instability), this has encouraged us to explore the arylimido Lindqvist anion as a platform for new high-activity, high-transparency secondorder NLO materials. Such materials are of potential value to technologies in telecommunications and optical/electro-optical computing, 12 but current approaches generally rely on multidimensional chromophores that can be synthetically complex, and/or involve use of precious metals (e.g., Ru) to provide an octupolar core. 13 We recently found that a small family of arylimido polyoxometalate derivatives have experimentally determined (by hyper-Rayleigh Scattering, HRS) static, resonance corrected β 0 values of up to 133 × 10 −30 esu. 14 This compares to 25 × 10 −30 esu for technologically valuable DAS + under nonresonant conditions, and in some cases the POM-based chromophores break through empirical NLO performance limits for planar organics, 15 as defined by electron-number adjusted β versus the absorption wavelength λ max . Therefore, organoimido POMs are among a small group of dipolar chromophores, comprising "tictoid" compounds with twisted π-bridges 16 and other systems with highly unusual donor sets, 17 that have been seen to exceed these limits, but are the only to do so with conventional planar π-bridges and donor groups (e.g, −NR 2 , −OR, O − ). As such, they may offer a low-cost, convenient route to high-performance, high-transparency NLO materials. Herein, we expand the series of organoimido-POM chromophores, establishing structure−activity relationships, and use Resonance Raman and Stark spectroscopies, and density functional theory (DFT) calculations to elucidate the nature of the charge-transfer transitions responsible for their NLO properties. These show that the derivatives lack dipolar character (and are hence NLO inactive) in the absence of resonance electron donors. However, with suitable resonance donors and short π-bridges, the imido-POM acceptors enhance NLO activity versus organic analogues by extending charge transfer onto the POM, increasing dipole moment changes.
■ EXPERIMENTAL SECTION
Synthesis, Characterization, and DFT Calculations. Details pertaining to synthetic chemistry and standard chemical and physical characterization (NMR spectroscopy, X-ray crystallography, etc.), and DFT calculations can be found in the Supporting Information (SI).
Raman Spectroscopy. The POM derivatives were prepared as 5 mM solutions in acetonitrile. Samples were analyzed in glass cuvettes using 600 μL of the solution. Raman measurements were performed using Snowy Range (SnRI) portable Raman spectrometers. Two excitation sources were used: a diode laser with 532 nm excitation (50 mW of power) and a diode laser with 785 nm excitation (100 mW). Acquisition times were 0.2 s at 532 nm and 1 s at 785 nm. The SnRI 532 nm spectrometer has a wavenumber range from 200 cm −1 to 3200 cm −1 , whereas the 785 nm spectrometer has a range from 200 cm −1 to 2000 cm −1 . The Raman measurements were normalized to a cyclohexane standard, with respect to the peak at 801 cm −1 . Spectra were baseline-corrected using a multipoint linear fit and a level and zero-leveling mode in Grams software (AI 7.0).
Hyper-Rayleigh Scattering. General details of the hyper-Rayleigh scattering (HRS) experiment have been discussed elsewhere, 18 as have been the experimental procedure and data analysis protocol used for the fs measurements in this study. 19 Measurements were carried out using dilute (ca. 10 −5 M) filtered (Millipore, 0.45 μm) acetonitrile solutions, so that self-absorption of the SHG signal was negligible, verified by the linear relation between signal and concentration. Crystal violet was used as an external reference (β xxx,800 = 338 × 10 −30 esu in methanol, 19a corrected for local field factors at optical frequencies). All 800 nm measurements were performed using the 800 nm fundamental of a regenerative mode-locked Ti 3+ :sapphire laser (Spectra Physics, model Tsunami, 100 fs pulses, 2 W, 80 MHz). An absence of demodulation for most compounds, i.e., constant values of β versus frequency, showed that no multiphoton fluorescence contributions to the HRS signals were present at 400 nm. This may indicate (i) a lack of fluorescence, (ii) spectral filtering out of fluorescence, or (iii) the fluorescence lifetime is too short for its demodulation to be observed within the bandwidth of the instrument. Where present, fluorescence has been corrected by demodulation fitting to provide a fluorescence free value of β. The reported β values are the averages taken from measurements at different amplitude modulation frequencies. Measurements at 1064 nm were carried out in acetonitrile, using a Spectra-Physics InSight DS+ laser (average power of 1 W, sub-100 fs pulses, 80 MHz). In this setup, the collection optics are coupled to a spectrograph (Bruker, Model 500is/sm) and an EMCCD camera (Andor Solis model iXon Ultra 897). Correction for multiphoton-induced fluorescence was done by subtracting the broad MPF background signal from the narrow HRS peak (fwhm = ±9 nm). The higher accuracy of this setup enables us to use the solvent as an internal reference (acetonitrile, β HRS,1064 = 0.258 × 10 −30 esu; β zzz,1064 = 0.623 × 10 −30 esu).
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Stark Spectroscopy. Stark spectra were collected in butyronitrile glasses at 77 K (estimated local field correction f int = 1.33). Apparatus and data collection procedure were as previously reported, 21 but with a Xe arc lamp as the light source in place of a tungsten filament bulb. Each spectrum was measured at least twice, and spectra were modeled with a sum of two or three Gaussian curves that reproduce the band of interest. The second, first, and zeroth derivatives of the Gaussian curves were then used to fit the Stark spectra with Liptay's equation.
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The dipole moment change (Δμ 12 = μ e − μ g , where μ e and μ g are the respective excited-and ground-state dipole moments) was then calculated from the coefficient of the second derivative component. This assumes that the two-state model is applicable to the systems investigated here, which have relatively high transition energies, and may be complicated from mixing with other states close in energy. Thus, values obtained for the compounds with the highest energy absorption bands in this series are subject to additional uncertainty. The following equations and definitions are integral to the subsequent discussion:
A two-state analysis of the ICT transitions gives 
where Δμ ab is the dipole moment change between the diabatic states, Δμ 12 is the observed (adiabatic) dipole moment change, and μ 12 is the transition dipole. 21 The value of μ 12 can be determined from the oscillator strength f os of the transition, using the relation 
If the hyperpolarizability tensor β 0 has only nonzero elements along the ICT direction, then this quantity is given by 
The Gaussian fitting procedure used for the Stark spectra is dependent on a variety of parameters as well as the choice of baseline. Thus, while the precision of calculated β 0 values is ca. 20%, given a consistent fitting approach, the actual error of the fitted parameters versus their true values is difficult to estimate, and likely larger. The experimental errors for μ 12 and Δμ 12 are estimated to be ±20% when the second derivative component dominates the fit, and significantly larger when it does not. Errors for Δμ ab , H ab , and c b 2 are estimated as ±30%, ±30%, and ±50%, respectively.
■ RESULTS AND DISCUSSION
Chromophore Design and Synthesis. To investigate the effects of donor/acceptor substituents and π-conjugation on the NLO properties of arylimido-Lindqvist species, we synthesized the family of anionic chromophores 1−10 (see Chart 1) as tetrabutylammonium salts.
Structures have been elucidated by NMR and electrospray mass spectrometry, supported by elemental analysis and, in most cases, X-ray crystal structures. The organosilyl Keggin anion (11) provides a counterpoint to the imido-Lindqvist species, because it has a strong −NH 2 donor but much weaker electronic communication across the C−Si−O−W bridge, while compounds 12 and 13 provide the closest possible purely organic analogues to the POM derivatives. The synthetic approach to the organo-imido compounds was centered on the N,N′-dicyclohexylcarbodiimide (DCC) mediated coupling of anilines with [NBu 4 ] 2 [Mo 6 O 19 ], to produce arylimido Lindqvist derivatives.
8,9,14 Notably, we found that (i) anhydrous dimethylsulfoxide (DMSO) was a better solvent for this chemistry than the commonly used acetonitrile, and (ii) careful control of temperature and a slight excess of hexamolybdate helped to prevent the formation of undesired (and difficult to separate) bis-imido products. Short chromophores 1−5 were thus accessed by reacting the parent amine with hexamolybdate. Of the extended systems, 6 and 8 were obtained by direct reaction of hexamolybdate with the parent ligand, while 7, 9, and 10 employed a Sonogashira coupling between 1 and the appropriate alkyne.
NMR Spectroscopy.
1
H NMR spectroscopy is an effective tool for primary characterization of (diamagnetic) arylimidohexamolybdates. Compared to the parent anilines, the chemical shifts for the protons ortho-to the imido bonds are shifted downfield by up to 1 ppm. This indicates the electronwithdrawing effect that the POM cluster has on the attached aryl group, and is illustrated for compound 4 in Figure 1 .
Chemical shifts for the protons of the 10 imido-Lindqvist derivatives are presented in Table 1 . Generally, and logically, the chemical shifts of the protons H a ortho to the imido group shift upfield as the donor strength of the D/A substituent increasesdecreasing from 7.49 ppm to 7.15 ppm and from 7.62 ppm to 7.46 ppm in the short and long pyrrole/NMe 2 pairs 4/5 and 8/9. Other resonances mostly follow this pattern, most notably H d (ortho to the D/A group), although not completely consistentlyperhaps due to variation in the strength of conjugation and/or ring current effects between the different species. In −NO 2 derivatives 3 and 7, the highest δ (ca. 8.2 ppm) is assigned to H d , consistent with the high δ observed in organic nitro compounds, yet H a shifts upfield, compared to all but 5 (short −NMe 2 ), suggesting that the strong −NO 2 acceptor may pull electron density from the imido-Lindqvist unit to result in increased shielding of H a . This is consistent with DFT calculations 10 (including our own, vide infra) suggesting that, in nitro-substituted organoimidohexamolybdates, the overall direction of charge transfer is f rom the POM/imido group and to the nitro group, although it does not necessarily indicate that the POM is an effective donor, as proposed elsewhere.
X-ray Crystal Structures. We have obtained high-quality X-ray crystal structures for all of the organoimido compounds in the study, with the exception of 3, which failed to produce diffraction-quality crystals. Our structures of 4, 8, and 9 were previously published, 14 those of the other anions, including 5,
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are displayed in Figure 2 . Full details are presented in the SI. The Mo−O bond lengths of the imido-hexamolybdate clusters show a similar pattern of lengthening and shortening versus [Mo 6 O 19 ] 2− to that previously described (see the SI), 8 while the bond lengths of the organic ligands show trends consistent with the donor−acceptor nature of the derivatives. Moreover, while these structural phenomena do not necessarily occur in solution (where temperature and local electric field are different to the crystal), they are consistent with the solution photophysical and electrochemical properties. In the "short" chromophores 1−5, a pronounced contraction of the phenyl C−C bonds between the ortho-and meta-carbons (Table 2 , r 3 ) compared to the other phenyl C−C bonds (r 2 /r 4 ), is observed on moving from −I and alkynyl derivatives 1 and 2, to the strong donor −NMe 2 in 5. This is consistent with a significant contribution from a quinoidal resonance form when a strong donor group is present. Further evidence of this is seen in a shortened donor-N to phenyl bond length in 5, compared to the weak pyrrole donor system 4. However, there is no significant change in the C−N and N−Mo imido bond distances. This shortening of the ortho-to-meta C−C bonds (r 3 ) is far less pronounced in the extended analogue (10), only statistically significant on the donor ring, and absent in the other extended systems. This implies, logically, that communication between organic donor and POM is weaker with the longer bridge. Moreover, while the acceptor/weak donor functionalized compounds 6−8 show a coplanar arrangement of the two phenyl rings; 45°and 86°twists are observed with the strong NH 2 and NMe 2 donors. Since the barriers to rotation in unhindered phenylacetylenes are very low (ca. 1 kcal mol −1 ), 24 both twisted and coplanar arrangements are often observed in their crystal structures. Even so, the observed twists fit with NMR (vide supra), electrochemical, and Stark spectroscopic measurements (vide infra), suggesting that conjugation across the phenylacetylene unit is weaker with the stronger donors. Such weakened conjugation would further reduce the barrier to rotation and increase the probability of isolating a twisted geometry in the crystal.
Electronic Spectroscopy and Electrochemistry. Connection of arylimido groups to [Mo 6 O 19 ] 2− produces a new transition red-shifted from the O → Mo bands, and also not present in the parent amines. Previously, we tentatively assigned this low energy (LE) band as ligand-to-POM charge 
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Article transfer (LPCT). 14 This was consistent with our data, and previous descriptions as a ligand-to-metal CT transition redshifted by conjugation of the imido and aryl π-systems. 2c,8,9 However, the possibility that other electronic transitions contribute to the bands, for example, π−π* transitions lowered in energy by interaction with the POM, or imido-to-aryl CT transitions (particularly with acceptor groups)
10 cannot be discounted. Indeed, the LE band red-shifts upon replacement of −I or −CCH with the strong resonance acceptor −NO 2 , showing that CT is not exclusively to the POM and mandating use of the more general assignment "intra-hybrid charge transfer" (IHCT). Other data (Stark spectroscopy, DFT, Raman spectroscopy) also suggest multiple origins for the LE absorptions (vide infra).
The IHCT bands certainly show LPCT character, demonstrated by the red-shift in λ max with increased donor strength (i.e., from 4 to 5 or from 8 to 10; see Figure 3 and Table 3 ).
Red-shift also occurs with extended conjugation, except for the −NMe 2 derivatives 5 and 10: remarkably, 5 has λ max 3 nm to the red of the 421 nm obtained for extended system 10, and also shows a slight change in band shape. This is consistent with X-ray crystallographic evidence for weakened conjugation in extended chromophores with strong donors (vide supra), and particularly strong donor−POM communication in 5. Electrochemistry also indicates that donor−POM and acceptor−POM communication is strong in the short chromophores, but weakens in extended systems. Short chromophores 1−5 show a strong dependence in reduction potential upon the group para-to the imido-N, following the expected order of donor strength NO 2 < I < CCH < Py < NMe 2 across a range of >140 mV. However, the reduction potentials of the five extended systems cover a range of only 27 mV, and show no dependence on the organic moiety's donor or acceptor characteristics. Thus, 1 H NMR, X-ray crystal structures, electron spectroscopy, and electrochemistry all suggest that π-conjugation is weakened in extended systems with strong donors.
Hyper-Rayleigh Scattering. Table 4 shows β zzz values obtained at 800 nm, and β zzz and β 0 values obtained at 1064 nm for 1−13. The 1064 nm source was used to obtain the static, resonance-corrected β 0 values, because λ max for all of the chromophores is distant (in all cases, >100 nm shorter than the 532 nm second harmonic), and residual absorption is minimal at this wavelength. At 800 nm, β 0 would be severely underestimated, because of the close proximity of λ max to the second harmonic. In addition, electron-number adjusted β values, β 0 /N 3/2 (where N is the number of π-conjugated electrons) have been calculated to facilitate comparison of the intrinsic performance of the POM chromophores with organic materials.
The data indicate that without a resonance electron donor, POM-based chromophores are NLO-inactive, as scattered second harmonic (SH) light failed to exceed the solvent background at both wavelengths for iodo derivatives 1 and 6, ethynyl derivative 2, and nitro derivatives 3 and 7. This dramatically contrasts with computational studies predicting significant β values for organoimido systems with no resonance donor, 10 and indeed finding high activity for nitro-functionalized systemsthis activity being ascribed to POM (or imido) to −NO 2 charge transfer. Our HRS results, and resonance Raman and Stark spectroscopy (vide infra), suggest that such any such charge transfer must be very weak, because the electron-withdrawing effect of the POM's delocalized, vacant Mo 4d orbitals is more significant than the weak electrondonating ability of its oxo-groups. Unsurprisingly, the aminoaryl silyl Keggin derivative (11), which shows little evidence of donor−acceptor communication via electronic spectroscopy or electrochemistry, is also NLO-inactive.
However, all five imido-Lindqvist species with resonance electron donors (short chromophores 4 and 5, and extended systems 8−10) show significant (large) dynamic β zzz values at both measured wavelengths, with the highest values of 813 × 10 −30 esu (800 nm) and 440 × 10 −30 esu (1064 nm) being obtained for 10. β zzz values are consistently lower at 1064 nm, most likely because any resonance enhancement is effectively eliminated, but the overall trend in the dynamic first hyperpolarizabilities is similar at the two wavelengths, with extended, dimethylamino donor 10 being the most active, and short, pyrrole donor 4 being the least active. The small differences (relative performance of 5 and 8) are likely due to uncertainties in the 400 nm data, relating to resonance contributions, so the 1064 nm data should be considered more reliable. Notably, the trend in the 1064 nm data is consistent with established structure activity relationships for organic systems, whereby increased donor strength and conjugation length lead to higher β.
Static first hyperpolarizabilities, β 0 , from the 1064 nm data facilitate comparison with purely organic chromophores, and reveal that the POM derivatives generally have high activities given their relatively small π-systems, simple planar structures (alkyne bridges are generally considered less efficient than alkenes in 2nd order NLO 25 ), moderate donor strengths and high transition energies. All five active chromophores have β 0 values comfortably exceeding that of the technologically valuable DAS + cation (25 × 10 −30 esu, λ max = 470 nm), and several more active stilbazolium chromophores, but with significantly less-red-shifted absorption profiles. The most pertinent comparison, however, is with nitro-acceptor-based 12 and 13 since, for both imido-POM and −NO 2 the acceptor is based on an N-substituent with a formal positive charge, that can delocalize charge away from the π-bridge. This shows a large enhancement in β 0 for the POM when a short phenyl spacer is used −5 is nearly three times more active than its nitro analogue 12, but with the longer phenylacetlyene spacer the performance of POM 10 is lower than (but within experimental error of) its −NO 2 analogue 13. Notably, 4, with a weak pyrrole donor, also has higher β 0 values than 12, and both short POM chromophores have very high β 0 /N 3/2 values (3.78 for 4, 5.90 
Article for 5) for their modest λ max . This places them comfortably beyond the apparent limit described by Kuzyk et al. 15 for planar organic chromophores (Figure 4) , with reference compound 12 (whose β 0 value agrees well with the previously determined 29 × 10 −30 esu 26 ) close to the limit. Since the β 0 obtained for 13 is significantly greater than that previously measured by EFISH (46 × 10 −30 esu, the benchmark in our previous work 14 ) , under our conditions this compound together with POMs 9 and 10 also appears to (just) exceed the apparent limit. While this means comparisons with other studies must be made with caution, and it must be emphasized that POM electrons are not included in N; the β 0 /N 3/2 values make it clear that the POM has a large effect on short π-systems, and only a few other dipolar chromophores exceed the Figure 4 apparent limit as comfortably as 4 and 5. These typically feature unusual, highly twisted "TICT" π-systems that favor charge separation (dramatically increasing the contribution of Δμ 12 in the twostate model). This, and observation of the highest intrinsic β in the chromophores with the smallest π-systems (opposite to the normal trend in purely organic systems such as 12 and 13), indicate that the POM must be playing a significant role in the NLO activity of the phenyl bridged "short" systems. These results raise questions about the nature of the IHCT bands in the HRS active/inactive compounds, and the reason for the unusually high activity of the short POM derivatives versus comparable organic materials, that we address below in a combined spectroscopic and computational approach. Raman Spectroscopy. In Resonance Raman spectroscopy, Raman modes of parts of the molecule or assembly associated with an excited transition are enhanced in intensity.
27 By using one wavelength (785 nm) far from the absorption of any of the POM derivatives, and one (532 nm) coinciding with the tail of the absorption, it is therefore possible to test for involvement (but not the role) of the POM. We performed these measurements on a subset of the POM derivatives: 1, 3, 5− 7, and 10, plus [NBu 4 ] 2 [Mo 6 O 19 ] and nitro analogues 12 and 13.
The results ( Figure 5, ). 28a Thus, enhancement of this band with 532 cm −1 excitation implies involvement of the POM and/or imido group in the IHCT transition, in all of the investigated imido-POMs. However, there are significant variations in the strength of enhancement between the different organoimido compounds. It is especially strong in 10 ( Figure 5 ), most likely because this compound has the most significant residual absorption at 532 nm. However, it is weak enough in the other two extended compounds (6 and 7), by comparison with short compounds 1 and 3 whose λ max is further from 532 nm, to suggest that involvement of the POM/imido in the transition is weaker (or different) in extended systems that lack a resonance donor. This is consistent with observations by other techniques. The anomaly is 5, which, despite the second-largest 532 nm absorption after 10, a short bridge, and clear evidence for very strong aryl-POM interaction by all other techniques, shows a weak enhancement at 990 cm −1 vs 1, 3, and 10. It may be that the 990 cm −1 band is more associated with MoNAr than MoO, and that the extended CT distance for 5 vs nitro- analogue 12 (but not for 10 vs 13, vide infra) and its unusually strong red-shift implies the acceptor for CT is more strongly centered on the POM framework for 5 than for 10. As POMs show only minimal structural changes upon reduction, this could cause less vibrational excitation of MoNAr than an acceptor spread more onto the aryl imido unit. This is consistent with the DFT-calculated lowest energy transitions of 5 and 10 in solution. In 3 and 7, the −NO 2 group provides an additional probe. Thus, it is significant that organic nitro compounds 12 and 13 show very strong enhancement of the −NO 2 band at ca. 855 cm −1 upon moving from 785 nm to 532 nm, but this effect is much weaker in 3 and 7 (other ArNO 2 vibrations 30 are too close to others observed in −NO 2 -free systems to be diagnostic). Since 7 has more residual absorption at 532 nm than 12 (see Figure S10 in the SI), this suggests that the POM/ imido group suppresses CT to the NO 2 group, and most likely vice versa, leading to a weak dipole moment change and the observed HRS inactivity.
Stark Spectroscopy. Stark spectroscopy 21, 22 can measure dipole moment changes and other parameterse.g., donor− acceptor electronic coupling, delocalizationrelevant to CT transitions and molecular NLO performance. Moreover, β 0 calculated from Stark data, while yielding values that are often significantly larger than those measured from real SH light (e.g., via HRS or EFISH), 10,31 generally agree in trend with nonresonant HRS and EFISH. Thus, Stark spectroscopy is a valuable means to assess the relative second-order NLO performance of a group of related chromophores in an experiment that is not complicated by resonance enhancement or reabsorption of SH light.
13e Therefore, we use Stark spectroscopy as a complementary technique to understand the IHCT transitions and confirm trends in β 0 .
Fitting the Stark spectra using derivatives of the observed absorption spectra was generally unsatisfactory, as only the compounds with the strongest donor groups yielded reasonable fits. Thus, we fit the IHCT transitions using two or three Gaussian peaks to fit the absorption spectra, and then used derivatives of each of the Gaussians to fit the Stark spectra. In some cases, large zeroth (and often first)-derivative components were observed to contribute to the Stark spectrum. In these cases, the fits with the zeroth-derivative component set to zero were performed. The results are discussed below (see Table 5 ).
First, the five HRS inactive imido-POMs (1−3, 6, and 7) all show minimal (0 to 9 nm) red-shifts in λ max in PrCN glasses versus room-temperature electronic spectra in MeCN or PrCN. Visual inspection of the fits ( Figure S11 in the SI) shows that most are dominated by first-derivative contributions relating to polarizability. The phenyliodo and phenylethynyl derivatives 1 and 2 consequently have zero values of Δμ 12 , β 0 , etc., consistent with their lack of measurable HRS signal, and the qualitative conclusion that their transitions are highly delocalized and, at most, weakly dipolar in nature. This suggests that, in the absence of resonance donors/acceptors or extended conjugation, the lower-energy electronic transitions of arylimidoLindqvist anions are best seen as π−π* transitions perturbed and lowered in energy by participation from POM-oxo donor, and Mo d-orbital acceptor levels. This is broadly consistent with TD-DFT calculations (vide infra). Significant second derivative (CT) components emerge with extension of conjugation (6) and/or introduction of the −NO 2 resonance acceptor group (3, 7) , leading to small but appreciable values of Δμ 12 /Δμ ab and more significant Stark-derived β 0 . These are consistent with the larger π-systems and a CT component away from the POM and toward −NO 2 . Nonzero Stark β 0 values for HRS inactive POMs may arise because Stark spectroscopy does not take directional opposition between CT processes (e.g., aryl → POM, aryl → NO 2 ) into account, and because the dipolar character responsible for NLO activity is dampened by the highly delocalized nature of both aryl and POM moieties. Comparing 7 with the organic −NO 2 analogue 13, the much lower Δμ 12 (and β 0 ) is consistent with the HRS inactivity of 7, and Resonance Raman measurements that suggest weakened CT to −NO 2 with a connected POM.
Compared to the inactive systems, the five HRS-active POMs (4, 5, 8−10) , and the organic chromophores (12, 13), all show more significant red-shifts of 10−35 nm in the PrCN glasses, with the trend in magnitude of red-shift matching the trend in β 0 . This resembles the behavior of some organic charge transfer dyes, which have large thermochromic shifts associated with large excited-state dipole moments, and much smaller thermochromic shifts for less-polar systems. 32 The fits ( Figure  S12 in the SI) also show more dipolar character for the active compounds, as second derivative contributions dominate at least one (in most cases, all) of the three Gaussians associated with the IHCT peak. This is reflected in Δμ 12 /Δμ ab values that are generally higher than in HRS inactive systems. Stark derived ∑β 0 (sum of all contributing Gaussians) values follow a very similar trend in magnitude to those from 1064 nm HRS, with extended −NMe 2 derivative 10 giving the highest value of 280 × 10 −30 esu and short pyrrole 4 showing the lowest value, at 47 × 10 −30 esu. The similarity of the trends between the two techniques and the fact that the extended systems, which show more (albeit still weak) absorption at the 532 nm HRS SH wavelength and are hence more vulnerable to resonance effects, perform more strongly by Stark, implies that the HRSdetermined β 0 values are not enhanced by resonance. Trends within the HRS-active species follow expectations for the structure of the organic component: as donor strength and conjugation length increase, Δμ 12 /Δμ ab (averaged) increase, H ab (D/A electronic coupling) decreases and c b 2 moves further from the 0.5 associated with complete delocalization. Although the differences between individual compounds are often within Stark experimental errors, these findings are consistent with our other experimental observations (vide supra).
Stark data also help explain the high HRS β 0 of 4 and 5 versus organic analogue 12, and more similar behavior of 9 and 10 to that of 13. For extended system 10, Stark and HRS β 0 values are effectively within experimental error of those of nitro-analogue 13. Moreover, values of Δμ 12 and Δμ ab differ by 10% or less, showing that, in 10, CT distances are not extended by the POM. This fits with time-dependent density functional theory (TD-DFT) calculated acceptor orbitals for 10 that are distributed over the phenylimido ring as well as the POM (vide infra), and the simple consideration that, proportionally, the POM will have a smaller effect on CT distances in larger π-systems. In the short POM chromophore 5, however, ∑β 0 is dominated by the contribution of the middle Gaussian, which has Δμ 12 = 12.2 D, and a localized dipole moment change Δμ ab = 16.2 D (CT distance r ab = 3.3 Å). These Δμ and r values are ca. 40%−50% larger than for any of the Gaussians of the direct organic analogue 12, which is approximately twice the estimated experimental error. Combined with other experimental observations (for example, the pronounced red shift) and TD-DFT calculations, these increased Δμ and r values
Article imply that extension of charge transfer onto the POM increases charge separation in 4 and 5 vs −NO 2 analogues. Thus, the unusually high intrinsic β of 4 and 5 results from this increased charge separation, that occurs without the fall in electronic coupling associated with extended organic π-systems (H ab and c b 2 for 5 and 12 are similar), or adding to the number of electrons in calculation of β 0 /N 3/2 . DFT Calculations. TD-DFT calculations were performed using the SAOP XC potential and TZ2P basis set, through the Amsterdam Density Functional.
33 These methods are a development of those previously published for organoimido-POM NLO properties (LB94/TZP), 10 and, in principle, an improvement due to the newer and more accurate XC potential 34 and larger basis set. Full details are given in the SI, including calculated electronic transitions and orbitals (Tables S4−S20 , Figures S14−S27) , and a comparison with prior calculations on the most similar compounds in the literature (see Chart S1 in the SI).
Our gas-phase calculations of β 0 yield results similar to those in the literature, 10c−e and thus show trends at variance to those seen by experiment. The largest values are obtained for extended −NO 2 derivative 7 (inactive by HRS) with the negative sign for β zzz,0 indicating that this arises from a net CT away from the POM, and toward the nitro group as described elsewhere.
10c−e For other extended compounds, β 0 tends to decrease as donor strength increasesopposing the experimental trend. (See Table 6 .) Calculated lowest transition energies ΔE GE also run counter to the experimental trend. For short compounds 1−5, calculated β 0 are a better match for experiment (plausible alternative Stark fits of 1 and 2 produce β 0 of ca. 10 × 10 −30 esu) but still the largest value is obtained for the −NO 2 derivative 5. Analysis of TD-DFT orbital-toorbital transitions provides some points of qualitative agreement with values of Δμ, etc., measured by Stark, while illustrating some of the disagreements with experiment. For example, the lowest energy transitions of 1 and 2 are essentially π → π* transitions of the phenylimido group perturbed by the POM (Figures S14 and S15 in the Supporting Information), consistent with the minimal dipolar character observed through a low (or zero) Stark-determined Δμ 12 . In 5 (Figure S18 ) all transitions predominantly involve CT from a phenylimidobased HOMO to the POM, consistent with the much higher Stark Δμ 12 . However, for short −NO 2 derivative 3 and all of the extended systems (see Tables S6 and S9−S13, and Figures S16 and S19−S23 in the SI), TD-DFT finds that the strongest lowenergy transition is from the phenylimido ring, toward the D/A ring, regardless of substituent. This agrees with previous calculations, 10 but contradicts experiment. However, higherenergy CT processes, both toward and away from the POM, are also present, whose contribution varies with functionalization of the organic group.
To test whether these discrepancies originate from comparing gas-phase calculations with solution/glass-based measurements, we also calculated β 0 in an acetonitrile solvent force field. To our knowledge, such calculations have not been performed on organoimido-POMs before. They are unoptimized, but reproduce the experimental trend in β for the HRS active compounds (Table S14 in the SI) while eliminating negative β zzz values for all but the −NO 2 derivatives (which no longer have the largest magnitude). Moreover, calculated orbital-to-orbital transitions obtained on a subset (1, 3, 5, 10; see Tables S16−S19, and Figures S24 to S27 in the SI) show that CT to the POM becomes stronger and lower energy upon solvation, producing a picture that is, in most cases, qualitatively consistent with experiment. The effect is shown for 10 in Figure 6 , and can be visualized in a simple way for all compounds through the calculated ground state dipole moments (Table S20) . Notably, the calculated lowest energy transitions of 5 and 10 also reveal that the acceptor orbital spreads over the phenylimido ring of 10, but concentrates more on the POM in 5, consistent with the increased Δμ 12 vs nitro analogues observed for 5 but not 10 ( Figure 6 ).
Even so, computed solution β 0 values for the active systems are approximately an order of magnitude larger than experiment, and significant values are found for inactive ones. It thus seems that in most cases CT to the POM is overestimated vs opposing CT processes. Calculated electronic spectra obtained for 1, 3, 5, and 10 confirm this through a trend in f os with energy that is generally opposite to that measured by Stark, and also show an underestimate of transition energies. This will have a large effect, since in calculations β 0 α 1/ΔE GE 3 . 10d Overall, experiment and computation reveal a complex mixture of CT and π → π* processes whose strength, direction and energy varies with donor/acceptor, π-bridge, and solvation. Fully addressing this in silico will require the attention of theoreticians and computational specialists, as the large divergence from experiment makes the appropriateness of our methods an open question. However, prior work has shown reasonable agreement between similar methods to ours, several other DFT functionals, 10d and Hartree−Fock calculations, 10e
and we can identify two modifications that may improve results 
Article with our approach. One is to include POM-NBu 4 + ion pairing in the solvation model, as this likely affects the interaction with acetonitrile. The other is to introduce conformational averaging of properties as the DFT optimized structures of 6−8 and 10 all show coplanar phenyl rings, but the energy barrier to rotation should be only ca. 1 kcal mol −1 . 24 Indeed, a calculation on 10 in its crystallized geometry (86°twist) lowers its solution β 0 10-fold. Future DFT computations on imido-POM β may also be improved by larger basis sets with more diffuse functions.
■ SUMMARY AND CONCLUSION
Our results show that imido-Lindqvist clusters are an unusually efficient acceptor for use with short (phenyl) π-bridges in second-order NLO materials. With organic resonance electron donors, the resulting chromophores offer better transparency/ nonlinearity tradeoffs than similar purely organic systems and exceed empirical performance limits that apply to the vast majority of dipolar organic CT systems. However, extension of the chromophores by addition of a phenylacetylene spacer, while increasing absolute β-values, brings their performance back into line with comparable organic systems. Stark spectroscopy, supported by DFT calculations and Raman measurements, suggests that the unusually high intrinsic second order NLO activity of phenyl bridged systems arises because charge transfer extends onto the POM, giving unusually large dipole moment changes (Δμ) for the size of π-system. At the same time, donor/acceptor electronic coupling remains much higher than if Δμ were increased by extending the π-system. Thus, the POM acceptor can increase Δμ, while sacrificing less transition strength than organic modifications used to achieve the same goal. In longer chromophores, the POM produces no gains over a nitro acceptor. This is most likely because acceptor orbitals spread onto the phenylimido ring, and proportionally the POM acceptor must have less effect on CT distances when the π-system is larger.
Compounds with no resonance donor, or with a resonance acceptor, show no NLO activity, despite similar electronic transition energies and extinction coefficients to active compounds. With no resonance donor or acceptor, both TD-DFT results and the small to zero Δμ measured by Stark suggest that the electronic transitions are best described as π → π* transitions perturbed by POM O 2p donor, and POM Mo 4d acceptor orbitals, and hence lack sufficient CT character to be effective in quadratic NLO. With the −NO 2 resonance acceptor, CT character measured by Stark increases, but not enough to explain the large DFT-computed β 0 values. The root of this computational inaccuracy appears to be (i) poor estimation of transition energies, and (ii) inaccurate estimation of the relative importance of transitions with directionally opposed dipole moment changes. While (ii) is improved by solvent correction, producing a similar trend to experimental data, (i) worsens producing inflated β values. In future, this may be addressed by larger basis sets with more diffuse functions, improved solvent corrections, and rotational averaging for phenylacetylene bridges. Now that the fundamentals underpinning the performance of imido-POM chromophores have been understood, future efforts will be directed at optimizing performance by tailoring the organic donor systems, and developing bulk NLO materials suitable for application in devices.
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